Surgeons are increasingly driving quality improvement efforts with the primary objective of improving patient safety and surgical outcomes. 1, 2 Furthermore, public reporting of hospital and surgeon outcomes data and pay-for-performance reimbursement schemes have added to the impetus to improve health care quality. [3] [4] [5] In colorectal surgery (CRS), engaged surgeons have focused on implementing systems of care designed to reliably provide evidence-supported practices as a mechanism to improve postoperative outcomes. 6 Two prominent systems of care are the enhanced recovery pathway (ERP) 7, 8 and the preventive surgical site infection bundle (SSIB). The ERP is a comprehensive perioperative CRS care pathway that has been shown to reduce postoperative morbidity and length of hospitalization. [9] [10] [11] [12] [13] [14] [15] [16] [17] Similarly, the SSIB is a perioperative care program that systematically provides evidence-supported measures for surgical wound infection prevention and has been shown to reduce the rate of postoperative wound infection. [18] [19] [20] [21] [22] Disclosure Information: Nothing to disclose. Disclosures outside the scope of this work: Dr Miller is a paid consultant to Edwards Lifesciences and has received grants from Covidien and Edwards Lifesciences. All other authors have nothing to disclose. Presented at the American College of Surgeons National Surgical Quality Improvement Program National Conference, New York, NY, July 2014.
Although both the ERP and SSIB have individually been shown to improve outcomes after CRS, the effect of their combined presence has not, to our knowledge, previously been reported in the literature. The colorectal surgery service at our institution sequentially implemented the ERP in February 2010, followed by the SSIB in July 2011; together they have profoundly altered the practice of CRS at our institution. Previously, we had specifically evaluated the impact of SSIB on postoperative infection at our institution and found a significant reduction in the rate of SSI. 22 In this study, we sought to build on this previous work by comprehensively evaluating the combined effect of the ERP and SSIB on the relevant short-term outcomes included in the American College of Surgeons (ACS) NSQIP in order to determine if the presence of these standardized care programs improved the quality and value of CRS care at our institution.
METHODS

Patient selection and data collection
This was a retrospective cohort study approved by the Institutional Review Board at Duke University Medical Center. Institutional ACS-NSQIP data files were used to identify a sample group of patients who underwent major CRS at Duke University Medical Center from September 1, 2006 through March 31, 2013 (Fig. 1) . Participation in ACS-NSQIP provides institutions with data on a systematically sampled set of operations to serve as a vehicle for quality improvement. 1, 23, 24 Specifically, every eighth operative day, demographic and clinical variables and 30-day outcomes on surgical patients are abstracted from the medical record by a trained surgical-clinical reviewer. The ACS-NSQIP system of data sampling has been validated, and data abstraction is routinely audited by outside surgical-clinical reviewers to ensure accuracy and consistency in data collection.
Procedures included in this study were low anterior resection, abdominoperineal resection, partial or total abdominal colectomy with or without proctectomy, proctectomy, pelvic exenteration, or Hartmann type procedure (CPT codes as follows: 44147, 44150e44151, 44160, 44204e44208, 44210, 44155e44158, 44211e44212, 45110e45114, 45116, 45119, 45120e45121, 45123, 45126, 45130, 45135, 45160, 45395, 45397, 45402, 45550) . Both open and laparoscopic cases were included. Nonelective cases were excluded because the ERP was not commonly used in the urgent or emergent setting. Because the ERP and SSIB were used by the colorectal surgery group during the study period but not by other surgeons, only operations performed by board certified colorectal surgeons were included. During the study period, all procedures were performed by a total of 4 board certified colorectal surgeons who were part of a shared practice in 1 inpatient care facility, and all had 5 or more years of experience as attending surgeons at the starting point of their participation in the study.
Clinical data, including patient demographics, preoperative characteristics, operative factors, and 30-day outcomes, were determined using ACS-NSQIP institutional data files. Data for 30-day readmission as well as chemotherapy within 30 days of surgery were obtained by additional chart review because many of these data were missing due to changes in ACS-NSQIP data abstraction for these variables over the course of the study period. Data on compliance to specific components of the ERP were obtained from a prospectively maintained institutional database of patients treated under the ERP. Cost data, obtained from Duke University Hospital Finance, became available in 2008.
Quality improvement programs
During the study period, the ERP was introduced into practice by the colorectal surgery service on February 1, Figure 1 . Schematic of the study period with key dates noted. DUMC, Duke University Medical Center; ACS NSQIP, American College of Surgeons National Surgery Quality Improvement Program; ERP, enhanced recovery pathway; SSIB, preventive surgical site infection bundle. 7, 8, 13 Major components of the ERP are shown in Figure 2 . Briefly, in the preoperative period, measures are taken to ensure preoperative medical and nutritional optimization. To avoid acute dehydration and electrolyte disturbance, there is no overnight fast restriction, clear liquids are allowed up to 2 hours before surgery, and a carbohydrate-rich beverage is given in the preoperative holding area. 25, 26 Anxiolytics are avoided and a multimodal approach to postoperative nausea and vomiting is used. 27 A prophylactic dose of unfractionated or low molecular weight heparin is given to reduce risk of venous thromboembolism (VTE). 28 Intraoperatively, goal-directed fluid administration is used with esophageal Doppler or noninvasive hemodynamic monitoring devices, [29] [30] [31] and minimally invasive surgery is used whenever possible. Analgesia is administered through a multimodal approach, including an epidural catheter or regional block for all patients. 32 Postoperatively, the patient is immediately allowed a diet, and efforts are made to mobilize the patient on postoperative day zero. 33 The Foley catheter is routinely removed by postoperative day 2 or earlier, even if an epidural catheter remains in place. The only exception to this protocol is when the attending physician specifically requests that the Foley catheter remain in place beyond postoperative day 2, typically for cases that involve a low pelvic dissection. There is no routine administration of maintenance intravenous fluids, and efforts are made to minimize intravenous systemic narcotics. 34 The patient is deemed suitable for discharge home when oral intake is adequate to maintain hydration, pain control is adequate with oral analgesics, and the patient can ambulate safely. Before discharge, the patient is counseled to provide appropriate postdischarge expectations and an understanding of issues that would require contacting the surgical team or presentation to the emergency department. Finally, in addition to receiving postoperative VTE prophylaxis while in the hospital, the patient is prescribed VTE prophylaxis for 4 weeks at home after discharge. 35 The ERP represents a multidisciplinary approach, calling on surgeons, anesthesiologists, clinic nurses, operating room staff, mid-level providers, house staff, and nurses on the wards to enact its elements across all phases of perioperative care. Implementation and progress of the program were overseen by one of the colorectal surgeons, who met monthly with key personnel from each discipline to receive feedback on delivery of ERP elements, encourage compliance with ERP measures, and review recent outcomes data. Additionally, a prospectively maintained institutional database of patients treated under the ERP has been maintained in order to closely monitor adherence to prescribed ERP elements and to monitor outcomes. The SSIB was introduced into practice by the CRS service on July 1, 2011. Key components of the SSIB are shown in Figure 2 . Additionally, full details on the delivery and specific aspects of the SSIB have been described previously. 22 
Analysis
We first stratified patients into 3 groups defined by the timing of implementation of the ERP and SSIB as follows: pre-ERP/SSIB (September 2006 to January 2010); post-ERP/pre-SSIB (February 2010 to June 2011); and post-ERP/SSIB (July 2011 to March 2013). The primary outcomes measures were hospital length of stay (LOS) and wound complications. Secondary outcomes included 30-day mortality, 30-day readmission, unplanned reoperation rates, and the various organ-specific complications captured by ACS-NSQIP. Baseline characteristics and unadjusted outcomes were compared between groups using Pearson's chi-squared test or Fisher's exact test for categorical variables, and 1-way analysis of variance (ANOVA) for continuous variables.
In order to better estimate the effect of these individual programs on study outcomes, we performed adjusted comparisons of the pre-ERP/SSIB vs the post-ERP/pre-SSIB groups and the post-ERP/pre-SSIB vs the post-ERP/SSIB groups. Specifically, propensity scores were developed to control for potentially confounding variables. Covariates included in the propensity score model were age, sex, body mass index, American Society of Anesthesiologists (ASA) classification, type of colorectal procedure, use of laparoscopy, wound classification, and use of preoperative radiation. Using inverse probability weighting (IPW), the treatment effects of the ERP and SSIB were then estimated with weighted comparisons between the pre-ERP/SSIB vs the post-ERP/pre-SSIB groups and the post-ERP/pre-SSIB vs the post-ERP/ SSIB groups, respectively.
We also assessed adherence to the ERP by determining the compliance rates of specific program elements available in our institutional ERP database. Available elements included pre-and postoperative administration of VTE prophylaxis, use of intraoperative esophageal Doppler on noninvasive hemodynamic monitoring for goaldirected fluid administration, use of epidural analgesia and multimodal pain control, and ambulation on postoperative day 1.
Finally, available cost data were assessed to determine if there was any change in the cost of care associated with the introduction of the ERP and SSIB. The nominal total hospital cost data for each patient were converted into 2013 US dollars using the US Department of Labor consumer price index for hospital and related services. 36 These costs were then stratified by year and assessed by the Cochran-Armitage trend test.
We made an affirmative decision to control for type I error at the level of the comparison, and a p value < 0.05 was considered statistically significant. Propensity scores and IPW analyses were conducted using the R Toolkit for Weighting and Analysis of Nonequivalent Groups (TWANG), and all statistical analyses were performed using R version 3.0.2 (R Foundation for Statistical Computing).
RESULTS
There were 787 patients included in the study, with 337, 165, and 285 in the pre-ERP/SSIB, post-ERP/pre-SSIB, and post-ERP/SSIB time periods, respectively ( Table 1) . These groups were balanced with respect to many characteristics including age, sex, race, BMI, wound classification, diabetes, COPD, smoking status, functional status, and preoperative radiation and chemotherapy. However, significant differences existed between the time periods in regard to type of procedure, ASA classification, and use of laparoscopy. The proportion of patients classified as ASA class 3 or greater appeared lower in the pre-ERP/SSIB period than the later periods (49.3% vs 68.5% vs 59.2%, p < 0.001), and the proportion of laparoscopic cases increased considerably during the study period (36.8% vs 46.1% vs 60%, p < 0.001).
Evaluation of unadjusted 30-day postoperative outcomes revealed, respectively, a significant improvement in the mean (8.1 vs 6.6 vs 5.8 days, p < 0.01) and median (6 vs 5 vs 5 days, p < 0.01) LOS over the study period, without a significant change in the rate of 30-day readmission. There were also improvements observed for the rates of overall wound complication (28.5% vs 19.4% vs 7.7%, p < 0.01), superficial SSI (24.6% vs 18.8% vs 6.3%, p < 0.01), organ-space SSI (8.3% vs 6.1% vs 2.8%, p ¼ 0.01), sepsis (8.9% vs 12.1% vs 1.8%, p < 0.01), and urinary tract infection (UTI) (7.4% vs 5.5% vs 2.8%, p ¼ 0.04) over the course of the study period (Table 2) . With the exception of postoperative sepsis, presence of the ERP alone appeared to improve these outcomes. Subsequent addition of the SSIB seemed then to increase the magnitude of improvement for many of the outcomes assessed.
Recognizing that there were important differences in the characteristics of the 3 time periods, which may have confounded the results, comparisons were performed using IPW in order to estimate the adjusted effects of the ERP and SSIB on postoperative outcomes. Following IPW, baseline characteristics of the pre-ERP/SSIB vs the post-ERP/pre-SSIB groups and the post-ERP/pre-SSIB vs the post-ERP/SSIB groups were balanced with respect to all characteristics considered (Table 3 ) (Supplemental Figures 1 and 2 show standardized differences between the unweighted and weighted groups). Compared with the pre-ERP/SSIB period, the post-ERP/pre-SSIB period demonstrated significant improvement in mean LOS (8.3 vs 6.6 days, p ¼ 0.01) as well as in the rate of unplanned reoperation (7.6% vs 2.4%, p ¼ 0.03) ( Table 4) . There was also a nonsignificant increase in the rate of 30-day readmission, and there were nonsignificant decreases in in the rate of wound complication and SSI in the post-ERP/pre-SSIB period. When comparing the IPWadjusted post-ERP/pre-SSIB and post-ERP/SSIB groups, there were significant reductions in the rate of overall wound complication (16.7% vs 7.7%, p ¼ 0.01), superficial SSI (16.1% vs 6.3%, p < 0.01), and sepsis (11.2% vs 1.8%, p < 0.01), respectively. There was also a significant decrease in the rate of 30-day readmission from the post-ERP/pre-SSIB to post-ERP/SSIB period (18.2% vs 10.2%, p ¼ 0.03), although the rate of readmission in the post-ERP/SSIB period appeared similar to that of the pre-ERP/SSIB period. Lastly, after adjustment with IPW, there were no longer significant differences in the rate of stroke and deep venous thrombosis observed between the different time periods.
To assess adherence to measures of the ERP, our institutional ERP database was queried. In the post-ERP/SSIB group, 223 of the 285 patients were contained within the ERP database. Of these patients, 90% received preoperative VTE prophylaxis, 98% received postoperative VTE prophylaxis, 95% had goal-directed intraoperative fluid administration guided by either esophageal Doppler or noninvasive hemodynamic monitoring, 93% had an epidural and multimodal pain management, and 61% had documented ambulation on postoperative day 1 (Fig. 3) . Finally, available hospital financial data were evaluated to assess whether the introduction of the ERP and SSIB were associated with a reduction in hospital costs for CRS patients. After inflation adjustment, mean total hospital costs per CRS admission demonstrated a significant downward trend over this time period, falling from $31,926 in 2008 to $22,044 in 2013 (p < 0.001) (Fig. 4) .
DISCUSSION
Over the past 5 years, the colorectal surgery service at our institution has substantially changed its practice by implementing the ERP and SSIB quality improvement initiatives. Building on our previous work, in which we specifically examined the impact of the SSIB on postoperative SSI, 22 in this study, we sought to comprehensively evaluate how the sequential implementation of the ERP followed by the SSIB affected CRS outcomes at our institution in order to determine whether the presence of multiple standardized care programs can provide additive improvement in care quality and patient safety. Toward this end, we stratified the cohort into 3 groups based on the time of implementation of the ERP and SSIB in order to investigate whether outcomes improved in relation to the advent of these respective standardized care programs. In the adjusted analysis, we found that the introduction of the ERP resulted in reduced LOS and reduced rates of superficial and organ space SSI, and UTI. Subsequent addition of the SSIB appeared to augment the improvements observed with the ERP alone with respect to LOS, superficial and organ space SSI, and UTI, while also offering additional benefit through reduced rates of sepsis.
In an attempt to control for differences in patient and procedural characteristics between the different time periods, we also conducted adjusted comparisons of the pre-ERP/SSIB vs the post-ERP/pre-SSIB and the post-ERP/pre-SSIB vs the post-ERP/SSIB time periods using IPW. This analysis demonstrated that introduction of the ERP led to a significant decrease in LOS and unplanned reoperation. In turn, subsequent addition of the SSIB led to significant reduction in the rate of postoperative wound complications, superficial SSI, and sepsis. Together, these findings suggest that the ERP and SSIB functioned in a complementary fashion, each individually imparting benefit with respect to different postoperative outcomes. Overall, it appears the sequential implementation of these programs has provided incremental improvement in patient care, even after accounting for differences in a number of patient and procedural characteristics between the different time periods. In addition to investigating short-term outcomes after the advent of the ERP and SSIB, we evaluated compliance to specific enhanced recovery measures. The inability to achieve high compliance is commonly cited as a reason why quality improvement programs fail. 6, 18, 37, 38 To avoid this potential pitfall, elements of the ERP and SSIB have been protocolized and integrated into physician order sets, which has facilitated reliable delivery of these programs. Additionally, CRS leadership meets frequently with members of the multidisciplinary team that enacts the components of these programs in order to reinforce program objectives, identify problem areas, and improve program coordination. Reflecting these efforts, the compliance rate observed for pre-and postoperative VTE prophylaxis administration, intraoperative goaldirected fluid administration, and use of epidural analgesia with multimodal pain control was 90% or better. In addition, although the components of the SSIB program elements were not tracked within our ERP database, data available from the Surgery Care Improvement Project 39 have indicated that compliance with appropriate perioperative antibiotic administration as well as perioperative euglycemia and normothermia goals has been 95% or greater since introduction of the SSIB. It is worth noting that the initial establishment of a multidisciplinary structure for administration of the ERP greatly facilitated the subsequent introduction of the SSIB because the SSIB drew on essentially the same providers and support staff. Our experience has informed us that once a good structure for the systematic delivery of care across the perioperative phases is in place, the ability to implement additional programs is enhanced. Finally, we examined costs of care during the period in which the ERP and SSI were introduced. Given the high and rising costs of health care, improving patient outcomes while also controlling costs is an important goal for quality improvement initiatives. 40 To a large degree, the elements of the ERP and SSIB use existing hospital resources in a reliable, systematic manner without incurring new capital costs or using newer, more expensive technology. We therefore speculated that implementation of the ERP and SSIB would be associated with a reduction in hospital costs for a CRS admission. Indeed, the mean inflation-adjusted cost for a CRS admission decreased by nearly $10,000 (2013 US dollars) from 2008 to 2013. So it appears that the ERP and SSIB were not only effective programs, but they also were associated with cost savings. When interpreting the changes in the cost of a CRS admission over the study period, it is important to consider that a myriad of complex factors affect the cost of health care delivery, including contracting rates with vendors, health system structure, and a variety of others. Such factors likely varied at least to some extent over the study period, and because this assessment of costs over time was not adjusted for these or patientlevel factors, we cannot necessarily assert that the ERP/ SSIB caused a reduction in costs. We only stipulate that costs savings per CRS admission were realized during the time period in which the ERP and SSIB were introduced, which may, at least in part, reflect increased value of care delivered due to improved outcomes and more efficient resource use brought about by these programs.
There are several limitations to our study that merit mention. First, we examined the effect of 2 quality improvement programs, each containing a number of interventions. Our reported results are those of the cumulative effect of these programs; we cannot determine which specific program elements were associated with benefits to a specific outcome. Second, as with any retrospective nonrandomized study, it is difficult to fully account for potentially confounding factors. The ACS-NSQIP data provide detailed and accurate information on a number of patients and operative variables, which were accounted for in our IPW-adjusted comparison. However, we acknowledge that there still may have been unmeasured variables that could not be adjusted for that may have influenced the study findings. Last, the study cohort was limited to elective CRS patients treated by a relatively small group of experienced colorectal surgeons at a single institution. The study findings may therefore not be generalizable to other institutions or surgical subspecialties. However, we anticipate, with appropriate field and institutionspecific modifications, that quality improvement programs like the ERP and SSIB can provide benefits in other surgical fields and institutions.
CONCLUSIONS
In conclusion, to our knowledge, this is the first study that demonstrates improved short-term outcomes of CRS with the combined presence of the ERP and SSIB. Our experience exemplifies how the process of quality improvement in surgery must be an ongoing effort, and that the sequential adoption of multiple standardized care protocols can provide incremental improvements in patient care while also helping to control health care costs. In the future, it will be important to continually assess and update care protocols such as the ERP and SSIB in order to include new evidence-based practices that can further improve patient safety and the value of care provided.
